Anabaena variabilis double mutant (C503S/C565S) phenylalanine ammonia-lyase (PAL) is an appealing enzyme in the enzyme-replacement therapy of phenylketonuria. Yet abundant production of this enzyme has been of concern for industrial production. In this study, we have characterized 1175 bacterial signal peptides (SPs) and identified the most efficient ones for the excretory production of mutant AvPAL. Analysis by SignalP 4.1 revealed that more than 61% of SPs had a D-score greater than 0.7, denoting to be highly efficient. The optimum length of a bacterial SP was 25-30. The preferable net positive charge and the second residue of N-region were + 2 and Lys/Arg, respectively. Highly efficient SPs possessed 3-5 Leus in their H-region and A/L/VXA-FF cleavage site. Highly efficient SPs were from Escherichia coli, corroborating the necessity of an agreement between SPs and the host. Physiochemical characterization of mutant AvPAL conjugates via ProtParam and PROSOII, revealed that ~ 99.5% of proteins would not be entraped in inclusion bodies. Secretory pathways were identified by EffectiveDB and more than 98% of SPs were cleavable. Chimeras were modeled using the I-TASSER program, being evaluated by the Ramachandran plots. The mRNA secondary structure of mutant AvPAL upon linkage to SPs was assessed using the mfold program. It was shown that the linkage of a SP does not affect mutant AvPAL's stability at the protein or mRNA level. AllergenFP tool demonstrated that chimeras were not allergen. SPs, including FMF4_ECOLX, E2BB_ECOLX, and LPTA_ECOLI exhibited the highest propensity for secretion and appropriate features in all analyses.
Introduction
Phenylalanine ammonia-lyase (PAL, EC 4.3.1.24 ) is the first fundamental enzyme of the phenylpropanoid pathway, by which a number of important secondary metabolites are produced in higher plants. PAL is found ubiquitously in plants and abundantly in yeasts, particularly red yeast, such as Rhodotorula species. While animals lack this enzyme, a few numbers of bacterial species including cyanobacteria contain it (Aydaş et al. 2013) . PAL is responsible for the oxidative deamination of l-phenylalanine (l-Phe) by producing trans-cinnamic acid (t-CA) and ammonia (NH 3 ). PAL has been of special interest as a therapeutic agent, and also in industrial and biotechnological processes (Sarkissian and Gámez 2005; Kong 2015) . It has been considered as the most promising approach for the enzyme-replacement therapy of a metabolic disorder called phenylketonuria (PKU) (Longo et al. 2014; Blau and Longo 2015; Sumaily and Mujamammi 2017) . PAL has also been considered as a potential anticancer agent in the same manner as l-asparaginase (Babich Shrivastava et al. 2016) . It has been investigated as a biocatalyst in the production of enantiomerically pure α-or β-amino acids, such as l-Phe. These reactions are of significance in the food industry for provision of l-Phe as the key precursor of artificial sweetener aspartame or low-Phe foods (Turner 2011; Cui et al. 2012) . PAL has demonstrated tyrosine ammonia lyase (TAL) activity in some plant species; thereby, it has been used in the quantitative analysis of l-Tyr as well as l-Phe in the body fluids (Watanabe et al. 1992) . Moreover, it has been used to alter the plasma amino acid concentrations in sleep disorders in animal models (MacDonald and D'Cunha 2007; Cui et al. 2014) .
Comprehensive analyses among PALs of different origins have introduced five PAL isoforms as viable options for commercial production and therapeutic purposes. These enzymes have been derived from Petroselinum crispum, Rhodosporidium toruloides, Rhodotorula glutinis, Nostoc punctiform, and Anabaena variabilis Cui et al. 2014) . The double mutant (C503S/C565S) PAL of Anabaena variabilis (AvPAL) is the preferred target due to less propensity toward aggregation in comparison to that of the wild-type Bell et al. 2017) . Nevertheless, up to now, the abundant commercial production of this enzyme has been the subject of concern.
To scale up the production of recombinant proteins, such as PAL, cytoplasmic expression in different eukaryotic and prokaryotic hosts, including Escherichia coli has become widely accepted. E. coli provides a number of advantageous, namely being cheap and simple, having rapid cell growth, being genetically well characterized, and availability of a number of biotechnological tools for its manipulation (Fakruddin et al. 2012) . However, there have been several hindrances in the large-scale production of recombinant proteins. They might not fold correctly due to the paucity of essential post-translational modifications or interference of the host endogenous proteins, leading to the formation of nonfunctional aggregates, called inclusion bodies. At times, the produced recombinant proteins get degraded by the host proteases or entrapped in the periplasmic compartment of Gram-negative bacteria (Jonet et al. 2012) . Thereby, the protein yield will be reduced. On the other hand, the expression level is not the only determining factor in the protein's yield, but also the translocation efficiency plays a part. Henceforth, excretory production of recombinant proteins, the process of protein secretion into the extracellular medium, provides several advantages, including correct protein folding, increasing translocation efficiency, omission of the cell lysis step, getting rid of the endogenous host proteins, and removal of N-terminal methionine (Zhou et al. 2018) .
The efficiency of excretory production depends on two main factors, namely the secretory machinery of the host cell and signal peptides (SPs). Several secretory pathways have been evolved in E. coli, from which one can take advantage to determine protein localization along with the folding status of protein (Green and Mecsas 2016) . Moreover, SPs address the protein secretion pathway. SPs have been considered as promising tools by which the recombinant protein production has increased to commercially significant levels (Mergulhao et al. 2005; Low et al. 2013; OhmuroMatsuyama and Yamaji 2017) . A typical signal peptide is a short peptide of 25-30 residues, mostly located in the N-terminal of secretory proteins. It is generally composed of three main parts: (i) N-region, the positive-charged domain; (ii) H-region, the hydrophobic core; and (iii) C-region, the cleavage site (von Heijne 1990). The positively charged N-region confers an apt orientation to SP favoring translocation (Nilsson et al. 2015) . The hydrophobic H-region has been deemed as an indispensable part of SP for an efficient secretion (Hegde and Bernstein 2006) . The Cleavage site harboring particular motifs, especially the AXA motif has been regarded as the rate-limiting determinant of protein secretion (Geukens et al. 2004) . It has been contended that variations in the composition of SPs highly affect translocation efficiency, cleavage sites, and even the post-cleavage events (Chou 2002) . Hence, the identification of an appropriate SP for each protein is of special importance.
One might plump for the most appropriate SP by delving into the literature, using the commercially available SPs or personal preference. Several methods have been implemented to identify the best performing SP, including computational methods, constructing a SP library, and screening proteome profile. The two latter methods are somewhat laborious, incurring high costs. Hence, employing computational methods, at least in initial stages, seems more rational (Heng 2009) . In this study, we have collated a pool of reported bacterial SPs to identify the best ones for the excretory production of the mutant AvPAL in E. coli. Thereafter, we have implemented several analyses by means of the newest bioinformatics tools with high accuracy and precision over their counterparts. Our results significantly cut down the number of trial-and-error experiments, and provide a well-built basis for future experimental studies.
Materials and methods

Retrieval of SPs and the mutant AvPAL sequences
The primary structure of Anabaena variabilis PAL (AvPAL) (UniProt ID: Q3M5Z3) was retrieved from the UniProt server (http://www.unipr ot.org/). Since the wild-type AvPAL has been shown to aggregate during production, the AvPAL C503S/C565S has been preferred in experiments as well as clinical trials (Bell et al. 2017) . Henceforth, through this analysis, the secretion of mutant AvPAL via different SPs has been studied. The retrieved mutant AvPAL was overproved as a PAL sequence through alignment against PALs of different origins, including Petroselinum crispum PAL (PcPAL uniprot ID:P24481), Rhodosporidium toruloides PAL (RtPAL uniprot ID: GOSVG1), Rhodotorula glutinis PAL (RgPAL uniprot ID:V5TFQ0), and Nostoc punctiforme PAL (NpPAL uniprot ID: B2J528) using the T-coffee program (http://tcoff ee.crg.cat) (Notredame et al. 2000) and edited via Jalview (http://www. jalvi ew.org) (Waterhouse et al. 2009 ). The relevant secondary structure was predicted by JNet available in Jalview server. Bacterial SPs, indicated as confirmed through experimental analyses, were retrieved from two databases, signalpeptide. de (http://www.signa lpept ide.de) and SPdb (http://proli ne.bic. nus.edu.sg/spdb/) (Choo et al. 2005) . To evaluate the secretory features of the engineered protein, retrieved SPs were linked with the whole sequence of mutant AvPAL.
Cleavage site prediction of SPs linked to the mutant AvAPL
The presence of cleavage sites and their locations in SPs were predicted using the SignalP 4.1 server (http://www. cbs.dtu.dk/servi ces/Signa lP/) (Nielsen 2017) . This server calculates the probability of a particular protein sequence as SP using a discriminating score, called D-score, with a standard default cut-off of 0.57. D-scores above cut-off designate sequences as SPs and those higher than 0.7 represent a great possibility of being an efficient SP. The used settings were Gram-negative bacteria, default D-cutoff value of 0.57, standard graphics output, and the "Input sequences do not include TM regions" option. The sequences of the N-regions and H-regions of each SP were identified using the SignalP 3.0 server through Hidden Markov model (HMM) (Bendtsen et al. 2004 ). Other settings were Gram-negative bacteria and truncation to 70 residues.
Physiochemical properties investigation of the mutant AvAPL linked to SPs
The solubility of mutant AvPAL linked to different SPs upon expression in E. coli was predicted via PROSO II software (http://mips.helmh oltz-muenc hen.de/proso II) (Smialowski et al. 2012) . Other physiochemical properties of SPs linked to mutant AvPAL, including aliphatic index, GRAVY (grand average of hydropathicity), instability index, and amino acid composition were derived using ProtParam tool (http://web. expas y.org/protp aram/) (Gasteiger et al. 2005) .
Allergenicity evaluation of the mutant AvAPL linked to SPs
SPs that were linked to mutant AvPAL were assessed for allergenicity via the AllergenFP v.1.0 (http://ddg-pharm fac. net/Aller genFP /) (Dimitrov et al. 2013) .
mRNA Secondary Structure prediction of SPs and the mutant AvAPL linked to pET-28a
The secondary structure and Gibbs free energy (∆G) of pertinent mRNAs were predicted and calculated using the mfold online server at (http://unafo ld.rna.alban y.edu/?q=DINAM elt/Quick fold) (Zuker 2003) . In this analysis, pET-28a was selected since it has been regarded as the most promising vector in the cloning and expression of PAL enzyme (Gao et al. 2012) . Thereafter, 35 nucleotides in the upstream of initiation codon in the vector were linked to the 36 initial nucleotides of SPs or the mutant AvPAL. Energy rule was set to RNA (3.0), and other default settings were applied. The retrieved mRNAs were compared upon the amount of ∆G and the location of initiation codon in the secondary structure of mRNA.
Secretory pathways prediction of the mutant AvAPL linked to SPs in E. coli
Different tools available at EffectiveDB (http://www.effec tors.org) were implemented to identify Type-III and IV secretion proteins, as well as chaperone-binding sites and subcellular localization. EffectiveDB tools recognize eukaryotic-like protein domain and signal peptides in the primary sequence (Eichinger et al. 2015) .
Prediction and evaluation of 3D structures of the mutant AvPAL linked to SPs
The mutant AvPALs linked to SPs, representing a D-score higher than 0.9 upon analysis by SignalP 4.1 tool, were the subject of conformational analysis. The FASTA sequences of mutant AvPALs linked to SPs and mutant AvPAL lacking SP were submitted to the I-TASSER (Iterative Threading ASSEmbly Refinement) server (https :// zhang lab.ccmb.med.umich .edu/I-TASSE R/). The most confident PDB models derived from I-TASSER were uploaded to the PDBsum Generate EMBL-EBI (https :// www.ebi.ac.uk/thorn ton-srv/datab ases/pdbsu m/Gener ate.html) (Laskowski 2007) . Thereafter, PDBsum (http:// www.ebi.ac.uk/thorn ton-srv/datab ases/pdbsu m) generated a Ramachandran plot for each PDB model upon PRO-CHECK analysis (Laskowski et al. 2018) . The Ramachandran plots were scanned for the most favored and the additional allowed conformational regions.
Result and discussion
Prediction of SPs and their cleavage sites
Identification of potential SPs for the excretory production of PAL
About 1175 non-redundant bacterial SPs, previously deposited in databases namely signalpeptide.de and SPdb were retrieved (Online Resource 1). Hereinafter, results of various analyses would be reported using the name of SPs in Online Resource 1. Retrieved SPs from databases had a length between 11 and 59; however, the downstream analysis excluded the long SPs. SignalP 4.1 server was implemented to identify whether SPs linked to the mutant AvPAL could act as a SP or not. The retrieved mutant AvPAL sequence was previously proved as a PAL sequence in multiple alignment analysis with other PAL sequences. Two conserved sites as indicator of PALs as well as the relevant secondary structure are designated in Fig. 1 . Schematic representations of the mutant AvPAL secretion as well as different parts of a SP are depicted in Fig. 2 . The potential cleavage site of SPs in the mutant AvPAL-SP conjugate was identified by SignalP 4.1. Up to now, SignalP 4.1 with an accuracy of 87% has been considered as the most promising server for the identification of cleavage sites (Ivankov et al. 2013; Nielsen 2017 ). Its prediction is based on artificial neural network (ANN) and HMM. Four scores, namely C-, Y-, S-, and D-score were calculated for each entry. C-score (raw cleavage site score) distinguishes the possible cleavage sites from other sites. Residues located immediately after the cleavage site represent higher C-score. S-score (SP score) discriminates proteins with a SP form proteins lacking an SP. It also distinguishes sites as SP from other sites in the mature protein, not being an SP. It is reported as the maximum amount and the mean amount. Y-score (combined cleavage Fig. 1 Multiple sequence alignment analysis of PALs. Sequences are aligned by T-coffee and edited by Jalview. The color scheme is an emulation of the default scheme used for alignments in ClustalX program. Residues are shaded by degree of conservation. Secondary structure is predicted by JNet pred. Red bars and green arrows represent α-helix and β-sheet, respectively site score) employs both C-and S-score to identify the true unique cleavage site from multiple cleavage sites predicted by C-score. Finally, D-score (discrimination score) reports a weighted average of the mean S-and the max Y-scores by which SPs from non-SPs are discriminated. All scores in the non-secretory proteins are very low and close to the value of 0.1. In this study, 941 and 711 SPs had a D-score more than 0.5 and 0.7, respectively (Online Resource 2). SPs with a D-score higher than 0.7 are considered as highly efficient SPs. Hereinafter, the use of "highly efficient" phrase in this study refers to the pointed classification. Sequences with D-scores higher than 0.9 are shown in Table 1 . Other analyses in this study have been carried out on the SPs representing a D-score greater than 0.5. Seven sequences out of 29 representing a D-score higher than 0.9, had promising features upon downstream analyses and can be introduced as highly efficient SPs for excretory production of the mutant AvPAL. These sequences are ALDC_BREBE, FLAD_CAUCR, FM12_KLEPN, FMF4_ECOLX, E2BB_ECOLX, LPTA_ ECOLI, and CDGT1_PAEMA. Furthermore, several commercially available SPs or those indicated as efficient SPs in the previous experimental analyses of other recombinant proteins (Ivankov et al. 2013; Low et al. 2013) were also categorized as highly efficient SPs for the excretory production of mutant AvPAL. Some of the mentioned SPs are OMPE_ECOLI, OMPC_ECOLI, DSDA_VIBCH, SKP_SALTY, LAMP_SALTY, PEL2_ERWCT, OMPC_ GLUDA, OMPA_THEMA, SURA_ECOLI, OSMY_ ECOLI, MALE_ENTAE, OSBA_ECOLI, PELB_ERWCH, PHOE_CITFR, TOLB_ECOLI, YEBE_ECOLI, and TORT_ECOLI. SPs, with a D-score higher than 0.7, had an average length of 25 amino acids. However, SPs representing a D-score between 0.5 and 0.7 were longer and had an average length of 27 amino acids (Fig. 3) . These results were consistent with the previous studies, stating a length of 25-30 amino acid for an optimum bacterial SP. In other words, long SPs were mainly efficient in the eukaryotic hosts rather than the prokaryotic ones and such SPs mostly remained uncleaved after protein translocation (Hiss et al. 2009 ).
Characterization of SP structure
The sequences of N-regions, H-regions, and the cleavage sites are shown in Table 2 and Online Resource 3. It has been claimed that a rise in the net positive charge of N-region results in the higher translocation efficiency as well as secretion (Puziss et al. 1992; Nesmeyanova et al. 1997; Ismail et al. 2011) . However, at times, an augmentation of the net positive charge contributes to protein aggregation, jamming of secretion translocase, and activation of stress-related genes, thereby a reduction in secretion efficiency (Kvam et al. 2010; Joshi et al. 2012; Low et al. 2013) . Comprehensive analyses of the SPs of various origins have revealed different values of positive charge depending on the expression host. Nonetheless, it has been asserted that at least a net positive charge of + 1 is necessary for an efficient secretion (Brockmeier et al. 2006; Choo et al. 2008; Degering et al. 2010; Low et al. 2013) . In this study, the net positive charge of N-regions was between 0 and 8 from which 18%, 17%, and 12% had a net positive charge of + 3, + 1, and + 2, respectively. However, considering the net positive charge of the highly efficient SPs for secretion of the mutant AvPAL, the story was completely different. About 57% of SPs had a net charge of + 2, denoting an apt charge for the SP's N-region of the mutant AvPAL would be + 2 (Fig. 3) . For instance, only one SP among those having a D-score greater than 0.9, called CDGT_PAEMA, had a high net charge of + 4. Interestingly, this observation would be a compelling reason to do further analysis regarding the effect of higher charge on secretion efficiency.
Apart from the positive charge of N-region, the amino acid composition of this region is of special importance. The presence of basic residues, particularly Lys or Arg as the second position has been considered essential to an efficient secretion (Puziss et al. 1992; Sletta et al. 2007; Futatsumori-Sugai and Tsumoto 2010) . In this analysis, ~ 55% of the highly efficient SPs for mutant AvPAL secretion had Lys or Arg at their second positions. This finding suggests the necessity for incorporating any of these two residues to devise a highly efficient SP for mutant AvPAL secretion.
A hydrophobic H-region has been considered as the cornerstone of a SP, on which the rate and efficiency of secretion are depended (Hegde et al. 2006 ). Nonetheless, not all kinds of hydrophobic residues constitute an efficient SP. It has been suggested that the presence of at least 3-5 Leu amino acids highly augments translocation (Rusch et al. 1994; Chen et al. 1996) . Herein, we scanned for the number of Leu amino acids in the studied SPs. About 61% of the studied SPs had 3-5 Leu amino acids in their H-region. On the other hand, H-region has been shown to be more than a set of hydrophobic residues, but also consists of unique motifs, called H-motifs. In other words, SPs with the same hydrophobicity are not functionally equal. H-motifs have been conserved among species (Hegde et al. 2006; Duffy et al. 2010 ). The E. coli H-motifs has been shown to be rich in Ala besides Leu (Palazzo et al. 2007; Duffy et al. 2010; Nilsson et al. 2015) . Considering the aforementioned evidence, the majority of other H-regions lacking 3-5 Leu amino acids in this study also could be considered as efficient SPs for the excretory production of mutant AvPAL in E. coli since they were rich in Ala. For instance, FLAD_CAUCR, which represented a D-score of 0.917 for the mutant AvPAL secretion was rich in Ala instead of Leu.
Characterization of the cleavage sites of mutant AvPAL linked to SPs
Cleavage is considered as the rate-limiting step of protein secretion, which highly relies on the amino acids at position (Fig. 2) . AXA motif is the most prevalent motif at the mentioned site (Geukens et al. 2004) . Indeed, amino acids larger than Ala, including Val, Leu, and Ile are allowed at position − 3 (Choo et al. 2005) . Regarding the abovementioned facts, Ala was highly conserved at position − 1 of all the identified cleavage sites, except ~ 12% of them. The identified cleavage sites lacking Ala at position − 1 represented low D-scores, denoting not being highly efficient SPs for the excretory production of mutant AvPAL. In contrast to position − 1, the amino acid at position − 3 was variable; though, the preference of Ala, Leu, and Val was observed. The region immediately after the cleavage site is called pro-region, which is a determinant factor in the cleavage efficiency, particularly at position + 1 and + 2. Neutral or acidic amino acids in the Pro-region are preferred (von Heijne 1990; Zalucki et al. 2017) . In ~ 77% of the identified pro-regions, Phe as a neutral amino acid was present either at one of the positions or at both of them.
It was shown that the presence of acidic residues at the second position of the pro-region enhances secretion in E. coli (Zalucki 2017) . In agreement with the recent finding, Glu or Asp was present in the second position of ~ 0.05% of efficient SPs through this analysis. Surprisingly, the cleavage sites harboring acidic residues at position + 2 did not have the typical AXA motif. For instance, the consensus sites of AFF-SE and SFF-SE were found in the mentioned cleavage sites. Highly efficient SPs with the consensus site of AFF-SE in conjugate with the mutant AvPAL were DSBA_ECOLI, Q70UQ6_STRUB, NANH_VIBC3, ESTE_VIBMI, ESTE_ VIBMI, HEP1_PEDHE, AZUP_PARPN, CY553_DESVH, LYS4_ECOLX, OSMB_ECOLI, PRLB_ACHLY, LPPL_ PSEAE, CY552_HYDTH, ARGT_ECOLI, TA34_TREPA, and Q6ZXZ8_WOLSU. In contrast to AFF-SE site, the consensus site of SFF-SE was less prevalent among highly efficient SPs and it was only present in one sequence, namely, OM24_PASMU. It can be deduced that the presence of an acidic residue at position + 2 might lead to an optimal interaction between the cleavage enzyme and SP, thereby increasing cleavage efficiency and secretion of mutant AvPAL. In other words, the acidic residues at position + 2 might compensate the lack of Ala at position − 1.
SP distribution according to the organism
Earlier studies assumed a high degree of degeneracy for SPs, which makes them viable candidates for increasing translocation efficiency in heterologous hosts (Rapoport et al. 1996; Kober et al. 2013 ). Nevertheless, this concept has become the subject of debate thereafter from several aspects. For instance, it has been suggested that there should be an optimal agreement between the SP and the passenger protein. In technical terms, not all combinations of SPs and a specific protein will result in an increase in the translocation efficiency, though the SP might be considered as a promising SP for other proteins. This issue is corroborated by several site-directed mutagenesis studies or exchanging SPs leading to the decimation of SP functionality (Pfeiffer et al. 2006; Weltman et al. 2007) . In this study, in accordance with the abovementioned results, the SPs originated from A. variabilis, called PSBO_ANASP and PSAF_ANAVT, represented a D-score of 0.790 and 0.848, respectively. High D-scores for the AvSPs suggests a greater tendency of AvPAL secretion with consistent SPs. Moreover, SPs possess substratespecific properties that make them suitable for particular translocation machinery. These substrate-specific properties have been evolutionary conserved and differ conspicuously among Gram-positive and Gram-negative bacteria or even a specific superfamily (Kim et al. 2002; Wang and Chi 2004) . In our study, there was a great inclination toward secretion of the mutant AvPAL in E. coli by Gram-negative-originated SPs (Fig. 4) . For instance, about 82% of SPs, which represented a D-score greater than 0.7, were originated from Gram-negative bacteria. To be specific, SPs, including FMF4_ECOLX, E2BB_ECOLX, and LPTA_ECOLI had a D-score higher than 0.9 and showed appropriate properties in downstream analyses for the secretion of mutant AvPAL. This observation delineates that SPs originated from E. coli itself would be highly commensurate with the heterologous expression of mutant AvPAL in E. coli.
Investigation of the physiochemical properties of SPs linked to mutant AvPAL
Various physiochemical properties of the mutant AvPAL linked to SPs were calculated via ProtParam. The results are shown in Table 3 and Online Resource 4. The identified SPs ranged from 14 to 49 amino acids. The average molecular weight of the mutant AvPAL linked to SPs was 6 kDa and the average aromaticity was 0.07. All proteins had an instability index lower than 40, which denote all of them can be stable in the test tube. The pI ranged from 5.6 to 8.1 with an average of 6.4. The GRAVY value varied from − 0.1 to 0.3 suggesting that ~ 99.5% of the studied proteins were soluble and only ~ 0.5% of proteins might form inclusion bodies. Proteins with negative GRAVY values were hydrophilic and soluble, whereas proteins with positive GRAVY values were hydrophobic. Since GRAVY has been considered as a determinant factor in predicting the expression efficacy (Chan et al. 2010) , it seems that GRAVY would not be a hindrance upon secretory production of mutant AvPAL.
Prediction of the mutant AvPAL-SP solubility upon expression in E. coli
PROSO II online server was used to predict the solubility of mutant AvPAL linked to SPs. PROSO II is a sequencebased protein solubility evaluator, which recruits differences between soluble proteins from TargetDB, the PDB, as well as literature mining. The sequences are categorized as soluble or insoluble on the basis of the solubility score between 0 and 1 with a default threshold of 0.6 (Smialowski et al. 2012) . PROSO II has the highest prediction accuracy percentage (71%) compared to several other similar servers, such as CCSOL (54.20%), SOLpro (59.95%), PROSO (57.85%), and recombinant protein solubility (51.4%) (Chang et al. 2013) . Concerning the results of PROSO II, all mutant AvPAL linked to SPs were insoluble upon expression in E. coli with a solubility index ranging from 0.359 to Table 4 ). The solubility of passenger proteins has been regarded as a fundamental criterion for secretion. Otherwise, the insoluble proteins will aggregate in the inclusion bodies (Chang et al. 2013) . Although physiochemical characterizations announced all proteins as soluble, results derived from analysis by PROSO II were not promising. Hence, deeper analyses are necessary to approve whether insolubility is a hindrance in our study or not.
Prediction of the allergenicity of mutant AvPAL linked to SPs
The mutant AvPAL linked to SPs should be assessed for allergenicity if it is designed as a biotherapeutic. Allergenicity was predicted by means of the AllergenFP v.1.0. The AllergenFP v.1.0 recruits an alignment-free descriptor-based fingerprint approach, which identifies allergens and non-allergens on the basis of their physicochemical properties. Its accuracy has shown to be about 88% (Dimitrov et al. 2013) . Having a glance at the results reported by AllergenFP (Online Resource 5 and Table 4) , it can be deduced that 84% of the studied mutant AvPAL linked to SPs would not be an allergen. For instance, FMF4_ECOLX, E2BB_ECOLX, and LPTA_ECOLI, with a D-score higher than 0.9 and appropriate physiochemical properties might not cause allergenicity in conjugation with the mutant AvPAL. Allergenicity has been of concern in the administration of intravenous or subcutaneous formulations of PAL (Ikeda et al. 2005 ). Hypersensitivity-type reactions were the most prevalent types of drugrelated adverse effects after multiple dose prescription of the injectable PAL. At times, the allergic reactions have led to the patient dropout and discontinuation of therapy (Blau and Longo 2015) . In the current study, the linkage of SPs to AvPAL did not affect allergenicity significantly. Thus, secretory production of AvPAL could be suggested as a promising method for commercial production of injectable formulations. 
Prediction of mRNA secondary structure of SPs and the mutant AvAPL linked to pET-28a
Several factors other than SP works hand in hand to lead in an efficient secretion. For example, the fusion of SP to protein might affect the mRNA stability; therefore, different levels of mRNAs and protein precursors are produced. In this study, the ΔG and the secondary structure of pET28a linked to mRNA of SP-AvPAL or AvPAL were retrieved. The higher ΔG (the more positive ΔG) indicates the higher expression probability (Zhu et al. 2016 ). According to the results retrieved from the Quickfold server, addition of SP did not always lead to an increase in expression. About 12% of SP-AvPAL-pEt28a represented lower ΔG in comparison to that of the control (AvPAL-pET-28a). A mere 1.4% of the studied mRNA had a ΔG equal to the ΔG of AvPAL-pET28a construct, which was 7.6 kcal/mol. About 86.6% of SP-AvPAL-pET28a mRNA secondary structures showed higher ΔG in comparison to that of the control, supporting the idea of an increase in expression upon attachment of a SP (Online resource 5 and Table 4 ). The mRNA structures with an exposed start codon (a start codon located on the loop instead of the stem) tend to be easily expressed (Zhang et al. 2006) . The aforementioned sequences, representing high expression probability, were checked for the position of the start codon, AUG. In this analysis, ~ 55% of mRNAs out of 86.6% of sequences with high expression probability had an exposed start codon. Examples of a start codon, either on the loop or on the stem, are demonstrated in Fig. 5 . For instance, the mRNA of mutant AvPAL conjugates with FMF4_ECOLX, E2BB_ ECOLX, and LPTA_ECOLI, which represented promising features in upstream and downstream analyses, had higher ΔG in comparison to that of the AvPAL-pET28a construct, denoting higher inclination toward expression. Moreover, the initiation codon in all three mentioned constructs was located in the loop which can be easily accessed by translation machinery. Prediction of secretory pathways of the mutant AvPAL linked to SPs in E. coli
The general secretory pathway (Sec-pathway) and the twin-arginine pathway (Tat-pathway) have been the most prevalent pathways in E. coli; however, they cannot direct protein into the extracellular medium. Therefore, it behooves to manipulate recombinant proteins in a way to be secreted via pathways dedicated to excretory secretion, such as T2, T3, and T5 types of secretion systems (Green and Mecsas 2016) . In this study, the secretion possibility of different SPs linked to the mutant AvPAL by secretory pathways, including T3 and T4 in E. coli was investigated. Additionally, it has been determined whether the studied SPs could be considered as an organellar-targeting sequence. These analyses were performed using different tools available at EffectiveDB. Proteins being secreted via the T3 pathway carry uncleavable SPs and remain in an unfolded state. The T3 pathway is of particular significance since it is responsible for secretion of virulence factors (Büttner 2012) . Discrimination of organellar-targeting sequences from typical SPs leads in an efficient selection of SPs according to the host and the passenger protein. Organellar-targeting sequences and typical SPs differ in structural and secretory characteristics (Garg and Gould 2016) . Through this analysis, scores derived from EffectiveT3 ranged between 0 and 1. Higher scores indicate a higher confidence in the prediction. Only 2% of the studied proteins had a score more than 0.8 denoting the possibility of secretion via the T3 pathway (Online Resource 6). Among the highly efficient SPs directing mutant AvPAL through the T3 pathway, OMPC_NEIGO, CY552_BRAJA, BP26_BRUAB, WPRA_BACSU, LIP1_ PHOLU, BLAN_ENTCL, SAV_STRAV, CYAA_BACAN, CGKA_ALTCA, MPPA_ECOLI, PMPF_CHLTR, EMP_ STAAU, and ALXM_PHOS4 can be mentioned. Moreover, EffectiveCCBD predicts proteins secreted via T3 pathway on the basis of chaperone-binding sites detection. According to the results produced by EffectiveCCDB, only three proteins had chaperone-binding sites in their N-terminals, including EDIN_STAAU, SURA_ECOLI, and LIP1_PHOLU. None of the studied proteins were secreted via the T4 pathway based on the T4SE pre tool's results. Hence, one could proclaim with a great certitude that the majority of the studied SPs are secreted with the conventional secretory pathways, such as the Sec-pathway. Thus, SPs are cleaved subsequent to the translocation, denoting the secretory production of the mutant AvPAL can be a feasible method. We have screened N-terminal signaling sequences and eukaryotic subcellular localization via Predator tool. Although all of the analyzed N-terminal sequences were previously proved to be a SP by SignalP 4.1, Predator tool did not deem about 3% of them as SP. Furthermore, about 87% of the studied SPs were predicted to be similar to endoplasmic reticulum (ER) SPs and the rest were affiliated to the mitochondria. 
Prediction and evaluation of the mutant AvPAL 3D structures linked to SPs
In this study, we have propounded the question whether the linkage of SPs to the mutant AvPAL affect the conformational characteristics of the protein. The PDB models for SP-AvPAL were produced via the I-TASSER server. Top 5 models were predicted for each entry. Models with the highest C-score for each entry were recruited for further analysis. Then, Ramachandran plots were generated using the PDBsum tool. The percentages of residues located in each region of the plot were reported. The model representing a percentage of greater 90% related to either the most favored regions or the most favored plus the additional allowed regions was regarded as a sterically robust model sharing more conformational similarities with the native protein (Sakhteman et al. 2016 ) (Online Resource 7, Fig. 6 ). In about 74.9-82.1% of all models, either with or without SP, 90% or fewer residues were in the most favored region. It is of special notice that the addition of SPs did not affect the aforementioned percentages. While the percentage of residues in the most favored regions for the mutant AvPAL lacking SP was 81.6%, there were SPs linked to the mutant AvPAL that represented a higher percentage, namely GUNG_CLOTH, OMP32_DELAC, and Q8VLR1_9ACTO.
Although in all generated models less than 90% of residues were in the most favored regions the sum of residues located in the most favored and the additional allowed regions was greater than 90% in all of them. Three of these SPs in conjugate with the mutant AvPAL, which were also promising in upstream analyses, were FMF4_ECOLX, E2BB_ECOLX, and LPTA_ECOLI. However, according to the statistics, all of the studied AvPAL mutants linked to a SP had somewhat lower percentage of the sum compared to that of the AvPAL mutant lacking SP. Altogether, the linkage of SPs to the mutant AvPAL did not reduce the protein folding properties to a significant level and all of the studied proteins were considered as sterically robust models, thereby stable upon linkage of a SP. The lower stability of mutant AvPAL linked to SPs in comparison to the protein lacking SP could be attributed to the potential interaction of the hydrophobic regions of the SP and the exposed hydrophobic regions of the protein. For instance, in one study the maltose binding protein (MBP) was destabilized in the presence of SP. In the mentioned study, the SP had enhanced the probability of remaining in an unfolded state in the pre-MBP (the MBP linked to SP) (Beena et al. 2004 ). This phenomenon on one side could be detrimental since it might affect the interaction of protein with translocation machinery, thereby (~ a, ~b, ~l, and ~ p) refer to the generously allowed regions. The three dihedral angles in a protein chain are represented as phi and psi degrees, shown in the horizontal and vertical axis, respectively reducing the protein secretion. On the other side, it can be beneficial since the less folded protein might be less prone to aggregation. Several studies have disclosed the fact that a SP reduces or even increases the propensity of aggregation by modulating the folding state of the protein (Kulothungan et al. 2009; Singh et al. 2013) . Henceforth, kinetic studies are necessary to scrutinize the effect of SPs on folding state and stability of AvPAL mutant, though the in silico results, provided in this study, were promising.
Conclusion
Consistent results, derived from various bioinformatics analyses in this study have introduced the potential highly efficient SPs for the heterologous expression of the mutant AvPAL. Furthermore, the characterization of a pool of SPs has explained the necessary criteria in devising an efficient SP for the mutant AvPAL. Physiochemical characterizations, as well as identification of the secretory pathways revealed that the mutant AvPAL linked to different SPs is liable to secret. Allergenicity characterization ascertained that allergenicity would not be an issue of concern in the injectable formulation of the mutant AvPAL. Furthermore, it was shown that the linkage of a SP to the mutant AvPAL does affect the stability neither at the mRNA nor at the protein level to a great fault. Hence, SPs might not interfere with the expression or the folding process of the mutant AvPAL. Thus, secretory production of mutant AvPAL would be an encouraging solution to overcome the obstacles through commercial production of PAL. In a nutshell, SPs, including FMF4_ECOLX, E2BB_ECOLX, and LPTA_ECOLI can be introduced as the best SPs for the excretory production of mutant AvPAL since they had a D-score higher than 0.9 and appropriate features in all analyses. Among the most reviewed signal peptides in literature, SPs indigenous to E. coli such as OMPE_ECOLI, OMPC_ECOLI, SURA_ECOLI, OSMY_ ECOLI, OSBA_ECOLI, TOLB_ECOLI, YEBE_ECOLI, and TORT_ECOLI can also be utilized as they had high D-scores and promising characteristics in downstream analyses. To the best of our knowledge, hitherto, there has been no study concerning the excretory production of PAL. However, further investigations especially in vitro and in vivo studies are required to elucidate the superiority of the introduced SPs in comparison to that of the conventional ones in depth.
